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ABSTRACT 
Reaction between NiCl2·6H2O, 2-hydroxy-4-methyl-6-phenyl-pyridine-3-amidoxime (H2L), 












Both clusters display similar structures, consisting of a bell-shaped {NiII4M
III
5} unit, in which a 
linear ‘zig-zag’ {Ni4} subunit bisects the central {M
III
5} ‘ring’. Direct (dc) and alternating current 
(ac) magnetic susceptibility measurements carried out in the 2 – 300 K temperature range for 
complexes 1 and 2 revealed ferromagnetic intermolecular interactions, while heat-capacity 
measurements for the Gd analogue suggest that complex 1 lowers its temperature from T = 9.6 K 
down to 2.3 K by adiabatically demagnetizing from Bi = 7 T to Bf = 0.  
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The field of molecular magnetism has become a multidisciplinary, dynamic field of science for 
which a breadth of potential applications can be envisioned. For example, anisotropic complexes 
“remembering” their magnetization upon removal of an initially applied magnetic field at low 
temperatures (< 80 K) can function as Single-Molecule Magnets (SMMs) with potential use in 
information storage devices.1 Isotropic, high magnetic density cages that possess numerous field-
accessible spin states have been shown to exhibit a large magnetocaloric effect that makes them 
excellent candidates for cryogenic refrigeration.2 A major challenge in both areas remains the 
molecular design and structural control of such species, despite the fact that many, if not all, of the 
key ingredients are known. Indeed, synthetic control becomes increasingly more difficult as the 
nuclearity of the cage increases, not least when dealing with flexible organic ligands and metal 
ions that can display a variety of coordination geometries. Structural complexity leads to an 
increase in the number of intramolecular exchange pathways, and to obvious consequences for 
interpreting and understanding magnetic behavior. Despite these difficulties, numerous examples 
of such large cages exist, including an {FeIII10Gd
III




24} nanocluster with an S = 45 spin ground-state,
4 a {MnIII12Mn
II
7} cluster with 
an S = 83/2 ground-state,5 a {MnIII11Mn
II
6} complex with an S = 37 ground-state,
6 and most 
recently a [Ni21Gd20] cage displaying a remarkable (field-induced) S = 91 ground state.
7 
 In this work, the isolation, characterization and investigation of the magnetic behavior  of an 
enneanuclear [NiII4Gd
III
5] cluster are reported, built by employing the amidoxime ligand 2-
hydroxy-4-methyl-6-phenyl-pyridine-3-amidoxime, H2L (Scheme 1), which was previously 
employed succesfully in heterometallic chromium chemistry yielding two CrIII-centered 
heterometallic [MII6Cr







.13.6MeCN·H2O; zw = 
zwitter ion) displays an unusual bell-shaped8 metal-topology, and dominant ferromagnetic 






















All synthetic procedures were performed under aerobic conditions, using materials and solvents 
as received.  
[NiII4GdIII5(PhCOO)10(HL)4(HLzw)4(OH)2(NO3)2]Cl·13.6MeCN·H2O (1.13.6MeCN·H2O). 
NiCl2·6H2O (60 mg, 0.25 mmol), Gd(NO3)3·6H2O (113 mg, 0.25 mmol), H2L (122 mg, 0.5 mmol), 
PhCOOH (61 mg, 0.5 mmol) and NEt3 (1.5 mmol) were added to MeCN (20 mL), and the resultant 
green solution left to stir for 60 minutes. The solution was then filtered and left for evaporation 
undisturbed at room temperature, forming yellow-green single-crystals of 1.13.6MeCN·H2O after 
2 days in ~30% yield, and collected by filtration and dried in air. Anal. calcd. for 
C202H192ClGd5N40Νi4O45 (1
.4MeCN): C, 48.95; H, 3.90; N, 11.30%. Found: C, 48.69; H, 3.57; N 
11.16%. 
[NiII4YIII5(PhCOO)10(HL)4(HLzw)4(OH)2(NO3)1.5(H2O)0.5]0.5Cl(NO3)·3H2O (2·3H2O). 
Complex 2 was prepared in an analogous manner to 1, using Y(NO3)3
.6H2O. Light-green crystals 
suitable for X-ray diffraction were formed after 3 days in ~25% yield. Anal. calcd. for 
C174H155Cl0.5N26.5Ni4O47Y5 (2.H2O): C, 52.06; H, 3.79; N, 9.25%. Found: C, 52.18; H, 3.61; N 
9.13%.  
Physical Methods. Elemental analyses (C, H, N) were carried out by the microanalysis service 
of the University of Ioannina. Solid state magnetic measurements were carried out on freshly 
prepared samples of 1 and 2 on a Quantum design SQUID MPMS-XL magnetometer equipped 
with a 7 T DC magnet at the University of Edinburgh, while the observed paramagnetic 
susceptibilities were corrected using Pascal’s constants. Heat capacity measurements for a 
microcrystalline sample of complex 1 pressed into a thin pellet, were performed using a Quantum 
Design PPMS equipped with a 3He cryostat for the temperature range (0.3 – 30) K. Apiezon-N 




contribution to the heat capacity was subtracted using a phenomenological expression. Powder 
XRD measurements on freshly prepared samples of 1 and 2 were performed on a PANalytical 
X’Pert Pro MPD diffractometer at the Department of Chemistry, University of Crete.  FTIR‒ATR 
(Fourier‒transform infrared attenuated total reflectance) spectra were recorded on a Perkin Elmer 
FTIR Spectrum BX spectrometer. 
X-Ray crystallography and Structure Solution. 
Diffraction data for 1·13.6MeCN ·H2O and 2·3H2O were collected on an Xcalibur R four-circle 
diffractometer with Ruby CCD detector at 230 K and 80 K, respectively. Both structures were 
solved by direct methods with SHELXS [Sheldrick, G.M.  A short history of SHELX Acta Cryst. 
2008 A64, 112-122] program and were refined by full-matrix least-squares techniques on F2 with 
SHELXL [Sheldrick, G.M. Crystal structure refinement with SHELXL Acta Cryst. 2015 C71, 3-
8]. All hydrogen atoms were modelled in idealized geometries as riding on their parent atoms with 
C–H = 0.95–0.99 Å, and with Uiso(H) = 1.2Ueq(CH, CH2) or 1.5Ueq(CH3), except for water 
hydrogen atoms, which were located in the Fourier maps, refined with O–H distances restrained 
to 0.840(1) Å and then constrained parent atoms (AFIX 3 command). Data collection parameters 
and structure solution and refinement details are presented in Table S2, while full crystallographic 












Result and discussion 
Synthesis. The 1: 1: 2: 2 reaction between NiCl2·6H2O, Gd(NO3)3
.6H2O, H2L and benzoic acid 






.13.6MeCN·H2O), while upon using 
Y(NO3)3






.3H2O) was isolated. The formation of the enneanuclear species 1 may be summarized in 
the following chemical eqn. (1):  
 
4 NiCl2·6H2O + 5 Gd(NO3)3·6H2O + 8 H2L + 10 PhCOOH                   
[Ni4Gd5(PhCOO)10(HL)4(HLzw)4(OH)2(NO3)2]Cl + 13 NO3
- + 7 Cl- + 20 H+ + 51 H2O                                                                                
(1) 
In order to fully investigate the synthetic parameters that dictate the formation of  1 (and 2) we 
performed the reaction upon employing various bases i.e. NMe4OH and NaOH, and also increased 
the duration of the reaction, but in all cases complex 1 was the product as observed by IR 
spectroscopy and pXRD. In addition, upon increasing the metal:ligand ratio from 1:1:2:2 initially 
employed in the original reaction to  1:1:1:1 we again managed to isolate only complex 1, albeit 
in very small yield (only a handful of crystals). Finally, we performed the reaction under 
solvothermal conditions, but in all cases a green-white amorphous solid was obtained.   
 
Description of Structures. Both compounds crystallize in non-centrosymmetric space groups 
Aba2 (1) and Pca21 (2), although are not isomorphous. Both complexes possess similar structures, 
albeit the crystal data for 2 are of poorer quality than those for 1, and so for the sake of brevity we 




described as an enneanuclear, bell-shaped {NiII4Gd
III
5} unit, in which a linear ‘zig-zag’ {Ni4} 
subunit bisects a {GdIII5} ‘ring’ into dinuclear and trinuclear fragments (Figure 1, bottom). The 
inner core consists of a planar pentametallic {NiII2Gd
III
3} fragment held in position by: i) a rare η
2: 
η2: η2: μ5 central nitrate anion, ii) two µ3 OH
- groups, iii) two –N-O-oximate and two monoatomic 
OR bridges belonging to two η
2: η2: η1: μ4 HLzw
-1 ligands, and iv) four η1: η1: μ benzoate ligands. 
The external {NiII2Gd
III
2} core is held in place by two η
1: η1: μ benzoate and two η2: η1: η1: μ HL
-
1 ligands, with the link between the two fragments of the core occurring via two η2: η1: η1: μ4 HLzw
-
1 and two η2: η1: μ HL
-1 ligands. Finally, two chelating and two monodentate benzoate ligands, as 
well as one chelating nitrate anion, complete the coordination environment of the metal ions. All 
NiII centres are six-coordinate, adopting distorted octahedral geometries with bond lengths in the 
range, 2.02-2.11 Å. The Gd centers are eight-coordinate, adopting either square-antiprismatic 
(Gd1, Gd2 and symmetry equivalent) or cubic (Gd3) geometries, as defined by SHAPE analysis 
(Figure S1, Table S1).9  It is noteworthy that in both structures the Ni-Ni-Ni-Ni skeleton is almost 



















Figure 1. (Top) The molecular structure of the cation of 1. (Bottom) The metallic skeleton of 1. 
Color code: GdIII = yellow, NiII = green, O = red, N = blue, C = grey. Counter-anions, solvate 
molecules and H-atoms have been omitted for clarity. 
In the crystal lattice the molecules of 1 stack in an on-set fashion on the b axis with the solvate 
atoms located in the void space, while no significant intermolecular interactions are present (Figure 
S2). Again, for 2 no significant intermolecular interactions are present in the extended structure. 
Magnetochemistry. The magnetic properties of 1 and 2 were investigated by DC susceptibility 
measurements in the 300 – 2 K temperature range under a 0.1 T applied magnetic field (Figure 2). 
The room-temperature χmΤ values of both complexes are very close (1, 46.13 cm
3 mol-1 K; 2, 4.82 
cm3 mol-1 K) to the Curie constants expected for four NiII ions and five MIII ions (1, 44.21 cm3 mol-
1 K; 2, 4.84 cm3 mol-1 K), assuming gNi = 2.2 and gGd = 2.0. Upon cooling, χmΤ remains relatively 
constant for both complexes down to ~30/50 K (1/2) after which it rises to maximum value of 
109.43/9.41 (1/2) cm3 mol-1 K. For 2, there is a drop in χmΤ at ~5 K to a value of 8.93 cm
3 mol-1 K 
at 2 K. This behavior is suggestive of dominant ferromagnetic exchange between the metal centers, 




For 2, we were able to simultaneously fit the magnetic susceptibility and magnetization data, 
using PHI10 and employing spin-Hamiltonian (2): 
 
Ĥ = 2J1 ŝ1ŝ12J2 (ŝ1ŝ2 + ŝ1ŝ2) D1 (ŝ1z2 + ŝ1z2) D2 (ŝ2z2 + ŝ2z2) +gB?⃗? · (∑ ?̂? 𝑖 𝑖) – zJ?̂?𝑧⟨?̂?𝑧⟩ 
                                                                                                                                                   (2) 
 
where the J1 exchange represents interaction between Ni1-Ni1 mediated through one (-N-O-)oximate 
bridge and one monoatomic NO3
- bridge (Ni-ONO3-Ni ≈ 102
o), J2 represents interaction between 
Ni1-Ni2 (and Ni1΄-Ni2΄) mediated by one µ3-OΗ hydroxide (Ni-OR-Ni ≈ 112°) and one (-N-O-
)oximate bridge, D1 and D2 account for the axial single-ion zero-field splitting of Ni1 (Ni1΄) and Ni2 
(Ni2΄) ions, respectively, and zJ  is the inter-molecular interaction. This model provided an 
excellent fit (Figure 2), affording the best-fit parameters J1 = +5.26 (±0.09) cm
-1, J2 = +2.26 (±0.01) 
cm-1, D1 = 10.86 (±0.10) cm
-1, D2 = 3.90 (±0.03) cm
-1, g = 2.21 and zJ  = 0. The ferromagnetic 
nature can be attributed to the long -Nox-Oox- bonding distances of ∼1.4 Å, which have previously 
been reported as able to promote ferromagnetic exchange coupling in nickel oximate-based 
complexes.11 Indeed, the smaller Ni1-O-Ni1΄ angles would be expected to yield a stronger J1 
coupling. Remarkably, the fit reveals a change of the magnetic anisotropy, going from a stronger 
axial to planar symmetry, for Ni1 (Ni1΄) and Ni2 (Ni2΄), respectively consistent with bond lengths 
for Ni1 (Ni1΄) up to 2.11 Å, and the lack of predominant axial symmetry in Ni2 (Ni2΄). Our initial, 
unsuccessful, approach to fitting the magnetic data for 2 was to oversimplify the fit by imposing J 
 J1 = J2 and D  D1 = D2, i.e., a 1-J + 1-D model (Figure S3). Next, we considered D  D1 = D2 
and different J’s, i.e., a 2-J + 1-D model, but the resulting fit, although slightly improved, remained 




lowering of χmΤ at the low-temperature region, in contrast with the crystal structure of 2 displaying 
no significant intermolecular interactions. 
 
Figure 2. For 1 (top) and 2 (bottom), χmΤ vs. T plot under an 0.1 T dc field, and magnetization M 
vs. B data in the 1 – 7 T and 2.0 – 6.0 K field and temperature range (insets). The solid lines 
correspond to the fit of the data (see text for details). 
 
The large ground state of GdIII (ŝGd = 7/2), combined with the L = 0 angular momentum, makes 1 
a potentially attractive candidate material for magnetic refrigeration.2 Therefore, its 




ΔSm, and adiabatic temperature, ΔTad, following a change of the applied magnetic field, ΔB = Bi - 
Bf, where i and f indicate initial and final states, respectively. As heat capacity (cp) is a powerful 
tool for estimating the MCE,2  we collected temperature-dependent cp measurements over the 
∼(0.3 – 30) K range under several applied magnetic fields (Figure 3). At the experimentally 
accessed high-temperature region, cp may be successfully modelled upon using the Debye heat 
capacity, which describes the nonmagnetic lattice contribution and simplifies to a clatt/R = aT
3 
dependence at the lowest temperatures, with a = 3.5 × 10−2 K−3, as common for molecule-based 
compounds. At low temperatures, cp assumes the form of a Schottky-like anomaly that shifts to 
high temperature with increasing applied magnetic field. Considering that the magnetic exchange 
interactions between 3d-3d centres (Ni-Ni) should in principle be stronger than both the 3d-4f (Ni-
Gd) and 4f-4f (Gd-Gd) interactions, the intra-molecular magnetic ordering observed at sufficiently 
low temperatures may be roughly described as following: four NiII centres establish a 
ferromagnetic net spin of Ŝ4Ni = 4, weakly coupled to the five peripheral GdIII spins. To model the 
experimental data, we calculate the Schottky curves that arise from the field-split levels of the 
central Ŝ4Ni net spin and five independent ŝGd spins. Then, we sum these curves to the 
aforementioned phonon contribution and we plot the results in Figure 3, as solid lines for B = 1, 3 
and 7 T, respectively. The comparison with the experimental data shows that the agreement 
improves with increasing field value, likely because of the presence of weak but non-negligible 
exchange interactions involving the GdIII spins, which are not taken into account in the 
calculations. Higher fields promote full decoupling of the weakly correlated GdIII spins, yielding 















Figure 3. Heat capacity of 1, normalized to the gas constant, cp/R, vs. T, collected at constant field 
values, as labelled, in a double-log scale. For B = 1, 3 and 7 T, the solid line is the sum of the 
lattice (nonmagnetic) contribution and the field-split Schottky anomaly, resulting from five non-
interacting ŝGd = 7/2 spins and a magnetically robust Ŝ4Ni = 4 net spin, i.e., four ferromagnetically 
coupled NiII spins (see text for details). (Inset) Entropy of 1, normalized to the gas constant, S/R, 
vs. T, collected at constant field values, as labelled. 
 
The inset of Figure 3 shows the entropy (S) that we calculate from the heat capacity data, by 
making use of the following equation: 






𝑑𝑇′.  (3)               
Assuming that the Ni-Ni correlations are sufficiently strong, as to establish a ferromagnetic net 
spin of Ŝ4Ni = 4, one would expect the magnetic entropy content to be Sm/R = ln(2Ŝ4Ni + 1) + 5 × 




inset of Figure 3, the zero-field entropy curve quickly reaches S/R ≈ 12 at low temperatures (T ≈ 
2.5 K). With increasing temperature, the experimental entropy gradually increases, due to the 
nonmagnetic lattice contribution, as expected. The maximum magnetic entropy content for 4 NiII 
spins (ŝNi = 1) and 5 Gd
III spins (ŝGd = 7/2) corresponds to Sm/R = 14.8. This value is for non-
interacting spins and, therefore, cannot be reached experimentally at low temperatures.2b 
   From the entropy data, it is then straightforward to obtain the magnetocaloric effect of 1. 
Figure 4 shows the results of ΔSm and ΔTad as a function of temperature and for selected full 
demagnetizations, i.e., Bf = 0. For ΔB = 7 T, ΔSm reaches 10.7 R, which is equivalent to 19.2 J kg
-
1 K-1, at T = 3.3 K. Under the experimental conditions considered, the presence of relatively strong 
magnetic correlations prevents ΔSm attaining the maximum value of magnetic entropy per mole, 
i.e., 14.8 R. For the same value of ΔB, ΔTad reaches 7.3 K at 2.3 K, namely, the adiabatic 
demagnetization that starts at T = (7.3 + 2.3) K = 9.6 K and Bi = 7 T would lower the temperature 
of 1 down to 2.3 K, upon reaching Bf = 0. With few extraordinary exceptions,
12 the NiII-GdIII 
molecular magnetic refrigerants investigated to date possess a similar MCE, in terms of strength 
and temperature range, to that of 1.13 Besides the heat capacity, also the magnetization data can be 
employed for estimating ΔSm. According to known procedures,
2b we apply the Maxwell relation:  







𝑑𝐵.               (4) 
From the isothermal M vs. B curves of Figure 2, the so-obtained ΔSm(T, ΔB) values obtained for 
ΔB = 1 and 3 T, displayed in Figure 4 (top), agree perfectly with the data obtained from cp, thus 


















Figure 4. Magnetocaloric effect for 1, as calculated from magnetization and heat capacity 
experimental data (see text for details). (Top) Magnetic entropy change, ΔSm, normalized to the 
gas constant (left axis) and per unit mass (right axis), vs. temperature for several values of the 
applied magnetic field change, as labelled. (Bottom) Adiabatic temperature change, ΔTad, vs. 
temperature for several values of the applied magnetic field change, as labelled. 
 
Conclusions 
In conclusion, the use of the amidoxime ligand 2-hydroxy-4-methyl-6-phenyl-pyridine-3-




5] (M = Gd (1), Y(2)) 




ligand adopts four coordination modes, bridging up to four metals.  Dc magnetic susceptibility and 
magnetization measurements reveal the presence of dominant ferromagnetic interactions in both 
complexes, with analysis of the data for 2 revealing JNi-Ni = 5.26 and 2.26 cm
-1, in accordance with 
previously published Ni cages containing similar structural building blocks. Magnetocaloric 
measurements show that complex 1 lowers its temperature from T = 9.6 K down to 2.3 K by 
adiabatically demagnetizing from Bi = 7 T to Bf = 0, respectively. That complex 1 is a good 
magnetic refrigerant at liquid helium temperatures is also manifested by the value of ΔSm that 
reaches 19.2 J kg-1 K-1 at T = 3.3 K, for ΔB = 7 T.  
Furthermore, our present and previously reported results11a on the use of the H2L ligand strongly 
suggest its excellent coordination ability towards the formation of polymetallic complexes, 
displaying various nuclearities {Mx} (x=7-9) and metallic topologies; thus, we are confident that 
further exploration of its coordination chemistry will lead to new species with beautiful structures 
and exciting properties.       
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SYNOPSIS. The use of 2-hydroxy-4-methyl-6-phenyl-pyridine-3-amidoxime in NiII/MIII (M = 
Gd, Y) chemistry has provided access to two new enneanuclear {NiII4M
III
5} complexes which 
display dominant ferromagnetic exchange interactions. 
